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ABSTRACT
The relative contribution of topography and land use on precipitation is analyzed in this paper for a forested
area in the Netherlands. This area has an average yearly precipitation sum that can be 75–100 mm higher than
the rest of the country. To analyze this contribution, different configurations of land use and topography are
fed into a mesoscale model. The authors use the Regional Atmospheric Modeling System (RAMS) coupled
with a land surface scheme simulating water vapor, heat, and momentum fluxes [Soil–Water–Atmosphere
Plant System–Carbon (SWAPS-C)]. The model simulations are executed for two periods that cover varying
large-scale synoptic conditions of summer and winter periods. The output of the experiments leads to the
conclusion that the precipitation maximum at the Veluwe is forced by topography and land use. The effect of
the forested area on the processes that influence precipitation is smaller in summertime conditions when the
precipitation has a convective character. In frontal conditions, the forest has a more pronounced effect on
local precipitation through the convergence of moisture. The effect of topography on monthly domainaveraged precipitation around the Veluwe is a 17% increase in the winter and a 10% increase in the
summer, which is quite remarkable for topography with a maximum elevation of just above 100 m and
moderate steepness. From this study, it appears that the version of RAMS using Mellor–Yamada turbulence parameterization simulates precipitation better in wintertime, but the configuration with the mediumrange forecast (MRF) turbulence parameterization improves the simulation of precipitation in convective
circumstances.

1. Introduction
Over the past decades, feedbacks between land use
and land cover change and climate have been widely
documented not only on a general level (Zhao et al. 2001;
Pielke et al. 2002; Kabat et al. 2004; Pielke et al. 2007), but
also focusing on certain areas in the world, like semiarid
environments (De Ridder and Gallee 1998; Ter Maat
et al. 2006; Sogalla et al. 2006), tropical environments
(Sampaio et al. 2007), and more temperate climates
(Teuling et al. 2010; Nair et al. 2011; Kala et al. 2011). A
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substantial subset of this literature focuses on the influence
and/or impact of a land cover change on precipitation
under various atmospheric conditions in different regions
of the world.
The basic mechanism behind atmospheric impacts of
land cover change is that land cover determines the
surface roughness, the radiation balance, and the subsequent partitioning of available energy over sensible or
latent heat fluxes. Their relative importance may vary
spatially and in time, depending on the synoptic meteorological situation.
Differences in the heat, moisture, and momentum
fluxes at the land surface interface can lead to altered
heat and moisture content of the atmospheric boundary
layer (ABL; e.g., Ek and Holtslag 2004; van Heerwaarden
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et al. 2009). Changes in temperature and humidity in the
ABL affect convective heating, total diabatic heating,
subsidence, and moisture convergence. This, in turn, can
affect, through a chain of microphysical and cloud processes, precipitation, which activates additional potential
feedback, acting on increasingly longer time scales, through
soil moisture stores, vegetation growth and phenology, and,
eventually, ecosystem changes.
These feedbacks have been studied at relatively large
spatial scales (e.g., Koster et al. 2004). To unravel the
feedbacks between land cover and regional meteorology,
however, high-resolution studies are required (Pielke
et al. 1991). The feedbacks between changes in land
use and topography and their impacts at the regional
scale may directly affect processes that drive and change
mesoscale circulations. Studies in other parts of the world
have shown that forests can also contribute to this phenomenon, as described by Noilhan et al. (1991), van der
Molen et al. (2006), and, more recently, Dyer (2011). In
a global setting, Fraedrich et al. (1999) showed that land
use change has a certain potential to affect the climate.
Climate change is another factor that can have its
impact on regional weather patterns. Christensen et al.
(2007) found ‘‘that an increase in the amount of precipitation that exceeds the 95th percentile is very likely
in many areas of Europe, despite a possible reduction in
average summer precipitation over a substantial part of
the continent.’’ Koning and Franses (2005) discussed
the possible consequence of global warming for the
Netherlands: more rainy days throughout the year and
higher levels of precipitation.
The Netherlands may also be strongly affected by
global change as the deltas of two main European rivers
(the Rhine and the Meuse) cover a large part of the
country and their discharges will change (Pfister et al.
2004). It is expected that in the coming decades, besides
an increase in urban areas, agricultural lands will be
abandoned and replaced by forests (Verburg and
Overmars 2009). This land use change may have impacts
on the discharge regime of the river Rhine, adding to the
already-mentioned first-order consequences of global
warming.
Wieringa and Rijkoort (1983) analyzed the effect of
topography on the wind in the Netherlands and concluded that only two areas, one being the Veluwe area,
can potentially influence the local wind climate. Interestingly, the Veluwe exhibits an average yearly precipitation sum that can, locally, be 75–100 mm higher
than the rest of the country, a difference of (10%–
15%) yr21 (see Fig. 1 in this paper) (KNMI 2011). The
distribution of rainfall throughout the year is reasonably
uniform, with an average monthly precipitation sum at
the Veluwe of 72 mm.
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FIG. 1. Sum of yearly precipitation (mm) as a climatological mean
(1981–2010). The Veluwe is enclosed by the red square.

From Fig. 1, we can also discover a second precipitation maximum in the western part of the Netherlands. It is thought that both these maxima have
different sources of origin. The precipitation maximum
in the western part is mostly thought to be caused by the
sea surface temperature and is expected to increase over
the next decades as sea surface temperatures increase
(Lenderink et al. 2009). The Veluwe precipitation
maximum is hypothesized to be caused by topography
and land cover, as a major part of the Veluwe is covered
by trees. To investigate the reason behind this precipitation maximum of the Veluwe, we address the following question: What is the relative sensitivity of
regional precipitation, evaporation, and other meteorological variables to topography and land cover on and
around the Veluwe?
We use the Regional Atmospheric Modeling System
(RAMS) model (Pielke et al. 1992; Cotton et al. 2003)
for different configurations to analyze the relative contribution of topography and land use change on precipitation. The configurations used in this study are
highly idealized but are designed in such a way that the
possible reasons behind the precipitation maximum can
be unraveled, which is the main question to be answered
in this study. One configuration is to remove the forest
to investigate the impact of forest on precipitation. The
other configuration is to remove the topography to investigate the effect of topography on precipitation. The
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model will be validated using actual vegetation and topography in a control simulation.
The paper is organized as follows. First, we will describe the Veluwe area, followed by a description of the
modeling system together with the various databases
and configurations that are incorporated and used in the
simulations within the atmospheric model. Also, the
criteria that we use to select the simulation periods will
be described. Consequently, the output of the validation
simulations will be described together with the results
of the configuration simulations. Finally, we will discuss
the differences between the simulations and how these
relate to the rainfall maximum of the Veluwe.

2. Description of the Veluwe
The Veluwe is a densely forested and elevated area of
approximately 625 km2, with a maximum altitude of just
over 100 m in an otherwise flat surrounding. The area is
covered with glacial deposits, but in the early twentieth
century it was decided that the area would be afforested
to reduce wind erosion that was threatening the surrounding agricultural area and produce construction
wood for the mines. Like most forested areas in the
Netherlands, the Veluwe is an important infiltration
region for groundwater bodies.
To increase the amount of available groundwater,
proposals were made to convert the predominantly dark
and dense coniferous forests to deciduous forests or
even deforest complete areas and replant them with, for
example, heather (Stuurgroep Grondwaterbeheer Midden
Nederland 1992). This discussion was stimulated by reports that indicated high interception losses for forests
(Evers et al. 1991). The main forest type studied at that
time was Douglas fir. The interest in Douglas fir forests
was because the main objective was to study acid rain and
dry deposition. Both entities were high, as Douglas fir is
among the trees with the highest leaf area index (LAI)
(LAI of up to 11 m2 m22) and the highest water storage
capacity (2.5 mm). According to common use, the benefits and effects were translated directly into economic
values. Water supply companies became interested and
were willing to compensate forest owners for changing
the tree species from coniferous with a high interception
storage to a land cover with a presumed much lower
water loss, such as deciduous forest or grassland. At
present, these changes have only been taking place on
a very small scale and primarily to remove exotic species.
The main vegetation is coniferous forest, as can be
seen from Fig. 2, where the land use of the complete
modeling domain is given. The land use in this picture is
derived from the Pan-European Land Use and Land
Cover Monitoring (PELCOM) classification, which has

VOLUME 14

been described in detail by Mücher et al. (2001) and which
is also used as input within the RAMS model. PELCOM
has a resolution of approximately 1 km and, compared to
other land cover databases, the forest of the Veluwe is
well represented.
The topography of the Veluwe area and surroundings
is given in Fig. 3. From this map, it is evident that the
Netherlands is a low-lying and flat country, with only
the area of the Veluwe showing significant topography,
besides the more sloping area in the southeastern tip of
the country. The topography is derived from the digital
elevation model of the U.S. Geological Survey [Global
30 Arc-Second Elevation dataset (GTOPO30)], which
has approximately a 1 3 1 km2 resolution.
The Netherlands and the Veluwe exhibit a maritime
temperate climate. Annual average temperature is 9.78C,
average maximum temperature is 13.88C, and average minimum temperature is 5.58C. Annual precipitation ranges
from 850 to 975 mm in the domain; annual evaporation
ranges from 560 to 580 mm. Wind speed averages 4 m s21,
with a preference for southwestern directions. These figures are based on the Royal Netherlands Meteorological
Institute (KNMI) Climate Atlas (KNMI 2011), in which
a climatological analysis is made for the period 1981–2010.
The most important variable of interest in this study is
precipitation. Figure 3 shows the various stations from the
national rainfall and precipitation network in and around
the Veluwe where rainfall is measured. Figure 4 shows the
difference between the average monthly sums of rainfall
at stations on and around the Veluwe as a percentage over
a year. This graph shows that the differences between
precipitation on and around the Veluwe change seasonally, with larger values in the winter months (maximum
difference of 14.5%, or 10.8 mm; yearly total difference is
65 mm). Given these seasonal differences and the fact that
synoptic systems differ between winter and summer, both
these seasons will be simulated to address the feedback
between the land and the atmosphere and the patterns that
do arise from a change at the land–atmosphere interface.

3. Description of the model
RAMS (version 4.3) is used to quantify the relative
contributions of topography and land use to the precipitation maximum of the Veluwe. The model is a 3D,
nonhydrostatic model based on fundamental equations
of fluid dynamics and includes a terrain following the
vertical coordinate system. One of the advantages of
RAMS is the ability to perform simulations at high resolution and the subsequent representation of microphysics
and precipitation processes. Table 1 shows the various
options/parameterizations that are used in RAMS for this
study. The setup of the model followed the setup that was
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FIG. 2. Current land use derived from PELCOM classification and projected on the complete modeling domain of the simulation (dark
green is coniferous forest, light green is deciduous forest, green is grassland, gray is rain-fed agricultural land, and red is urban). The
location of the observational stations Haarweg (H) and Loobos (L) are also given.

used earlier and was described by Ter Maat et al. (2010).
A two-way nested grid configuration was used (Walko
et al. 1995), in which a parent (18 km), a regional (6 km),
and a fine grid (2 km) covered the Benelux countries,
including parts of neighboring countries, the Netherlands,
and a 300 3 300 km2 domain centered around the Veluwe.
The nudging extends inward from the lateral boundary
region of the coarser grid by 5 grid points. Note that the
grid is stretched vertically to obtain high vertical resolution
(25 m) near the ground and lower resolution (1000 m) at
higher levels, with a total of 35 vertical levels. The convective scheme is not switched on in the three grids and is
explicitly solved by the full microphysics package, which is
part of RAMS and is described by Flatau et al. (1989).
RAMS is forced by analysis data from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
global model. The grid spacing of the forcing data is
0.58 3 0.58 and available every 6 h. Monthly sea surface
temperatures have been extracted from the Met Office
Hadley Centre’s Sea Ice and Sea Surface Temperature
dataset (HadISST1) (Rayner et al. 2003) and are linearly

interpolated during the simulation period. Soil properties were derived from the Global Soil Data Task
Group of the International Geosphere–Biosphere Programme Data and Information System (IGBP-DIS) soil
properties database (Global Soil Data Task Group 2000),
which has a resolution of approximately 10 km.
This study not only requires a detailed map of the land
surface but also a land surface model that is able to
simulate the relevant differences in energy partitioning
between land cover and soil classes. In this study, the land
surface model Soil–Water–Atmosphere Plant System–
Carbon (SWAPS-C) is used and has been coupled to the
numerical core of RAMS. The strength of SWAPS-C
(Ashby 1999) is that it comprises a one- or two-layer
evaporation and energy balance model, detailed soil
moisture calculations, and a module to simulate carbon
fluxes between the land surface and the atmosphere.
Land surface and atmosphere interact through fluxes of
water, heat, and momentum, which are controlled by a set
of parameters. Each land surface type has its own parameter set. Table 2 shows the most important parameters
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FIG. 3. Topography (m) projected on part of the finest-grid resolution in RAMS. The location
of the rainfall observation sites are displayed as dots (sites around the Veluwe are blue and
stations at the Veluwe are orange). The Veluwe is enclosed by the red square.

for the four dominant land use classes in the domain.
SWAPS-C is not the default land surface model in
RAMS, but it has been coupled successfully to RAMS in
earlier studies (Ter Maat et al. 2010). This is the major
reason to leave this coupled modeling system intact as it
is, even though newer versions of RAMS are available.
To validate the results of the control simulation, surface observations are used. The observations from the
sites of Haarweg (grassland south of Veluwe) (Jacobs
et al. 2009) and Loobos (coniferous forest on the Veluwe)
(Dolman et al. 1998; Moors 2012) are used. At these sites,
standard meteorological parameters are measured together with observations of exchange fluxes of radiation,
heat, moisture, CO2, and momentum.
Besides the control simulation (CTRL), the following
configurations are evaluated (see Fig. 5):
d

d

d

No forest (NF): The dominant forest type (coniferous
forest) has been replaced by grassland in a rectangular
box around the Veluwe (top right graph in Fig. 5) for
the current topography. This change leads to a change
in aerodynamic roughness (z0) from 0.9 to 0.02 m,
a change in LAI from 1.8 to 3.0 m2 m22, and a change
in albedo from 0.10 to 0.20 (dimensionless).
No topo (NT): The topography of the Veluwe has
been brought back to sea level in a rectangular box
around the Veluwe (bottom left graph in Fig. 5);
No topo–no forest (NFT): Combination of the configurations NF and NT.

All model runs (CTRL, NF, NT, and NFT) are executed for the same time periods, that is, summer (9 May
to 8 June 2005, called SUM from now on) and one

month in winter (1–29 February 2000, called WIN).
The SUM period has recorded various interesting periods that are representative of summer periods in the
Netherlands, with days of warm weather followed by
rainy days. The amount of precipitation in this period is
comparable with climatological means. For the WIN
period, we searched for a winter month with an average
amount of rainfall and with a noticeable difference between precipitation on and around the Veluwe, so that
the processes between these differences can be studied.
This was also one of the conditions to choose the May–
June period for the SUM simulation, although this was
harder than for WIN as the difference between precipitation on and around the Veluwe is much smaller, as
was shown in Fig. 4.
The selected periods cover varying large-scale atmospheric dynamics that are representative synoptic conditions of summer and winter months, with convective

FIG. 4. Relative difference (%) in monthly averaged precipitation sum between stations on and around the Veluwe from
1981 to 2010.
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TABLE 1. Configuration of RAMS4.3.

Grids
dx, dy (nx 3 ny)
dt
dz
Radiation
Topography
Land cover
Land surface
Diffusion
Microphysics
Forcing
Nudging time scale
Period

1

2

3

18 km
6 km
2 km
(50 3 54)
(60 3 62)
(149 3 149)
20 s
20 s
6.7 s
25–1000 m (nz 5 35)
Harrington (1997)
GTOPO30 (;1-km resolution)
PELCOM (;1-km resolution)
(Mücher et al. 2001)
SWAPS-C (Ashby 1999;
Hanan et al. 1998)
Mellor–Yamada (Mellor and
Yamada 1982)
Full microphysics package
(Flatau et al. 1989)
ECMWF
Lateral: 1800 s (only on grid 1)
1–29 Feb 2000 (winter)
9 May to 7 Jun 2005 (summer)

conditions prevailing under warm conditions. Winter
precipitation is mostly part of low-pressure systems, with
accompanying frontal precipitation under westerly
conditions. Next to this difference in synoptic conditions, Table 3 also shows the differences in observed
rainfall between stations on and around the Veluwe
for these two seasons. In both seasons, a considerable
amount of precipitation was observed so that the effect of the various configurations could be quantified.
The SUM period of May–June in 2005 was overall characterized by normal temperatures, normal
amounts of rainfall, and more-than-average incoming
solar radiation. However, according to the KNMI
(www.knmi.nl), the rainfall was not distributed
evenly, with the eastern part of the Netherlands being
wetter. Also, intensive areas of rainfall crossed the
country, especially the northern part of the country, at
14 May and 3 June.
The weather in the WIN period of February 2000
was characterized by an almost constant westerly flow
with which warm maritime air was transported. This
led to a higher temperature than normal and more
rainfall but also higher amounts of incoming solar radiation, which can be explained by the fact that the
showers mostly passed the Netherlands during the
night. The temperature in the first and last decade of
the month was high compared to climatology. Also, the
amount of incoming solar radiation was high, as the
showers mostly passed during the nighttime. Because
of the strong westerly flow, lots of showers passed frequently over the Netherlands, leading to a wetter-thannormal month.

TABLE 2. Important parameters for calculating the latent heat
flux and partitioning of the available energy, classified by land use
gs,max (maximum surface conductance), z0 (roughness length), and
a (albedo).

Coniferous forest
Deciduous forest
Grass
Agricultural land

gs,max (mm s21)

z0 (m)

a

33.4
51.0
25.9
25.0

0.9
0.9
0.02
0.1

0.1
0.18
0.2
0.25

4. Control run and model validation
The control run is compared against observations of
meteorological parameters and of fluxes of heat and
water. As precipitation is the most important variable,
our focus will mostly be on precipitation in both the
spatial and temporal sense. Observations of precipitation are taken from the database of the KNMI.
These observations are collected every day at 0800
UTC for the past 24-h period. We only took the observations from the locations nearest to the Veluwe (see
Fig. 3 for the geographic distribution of these stations).
Both observations and simulations are averaged over
a box around the Veluwe (see Fig. 3), which ranges from
5.558 to 6.158E and from 51.958 to 52.58N. Figure 6 shows
these results as time series over the simulation periods
WIN-CTRL and SUM-CTRL.
WIN-CTRL shows that the simulated precipitation
compares satisfactorily to the measured precipitation.
The simulated precipitation expressed as the averaged
accumulated sum, that is, 97 mm, is close to the observed
value of 103 mm (RMSE 5 2.7 mm). The observed
temporal pattern is also closely resembled by the model.
The observed peaks in daily precipitation are mostly
captured by the model, except for 5 February (overestimation of 6.5 mm) and 25 February (underestimation
of almost 9.3 mm). These differences between the model
and the observations show the inability of the current
setup of the model on these days to simulate the areas of
intensive precipitation rates at the exact location. The
observations from the KNMI database confirm these
spatial differences in precipitation amounts at such
a short distance, as stations in a certain area of the domain
give different rainfall rates than those in other parts of
the domain. For example, the observed rainfall rates on
5 February 2000 in the southeastern part of the Veluwe
are, on a daily basis, 5 mm lower than in the more northern
parts of the Veluwe. As not all KNMI rainfall stations
are located in the domain, which is used for the averaging, these differences are not cancelled out.
The difference in monthly rainfall sum over the
Veluwe between model and observations is larger in
the SUM-CTRL simulation, and the model mostly
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FIG. 5. Graphical representation of the various configurations used in the simulations: (top left) actual land use, (bottom left) actual
topography, (top right) land use in the NF and NTF configuration, and (bottom right) topography in the NT and NTF configuration.

overestimates the rainfall rates (Fig. 6, bottom). RAMS
especially overestimates precipitation in the first days of
June at the end of the simulation. This period is characterized by frontal systems (both warm and cold) above
and around the Netherlands that dominate the weather.
During this period, the timing of frontal systems is
simulated well by the model for the summer simulation
when compared to surface analyses and satellite images
of these days (not shown). However, the current setup of
RAMS has problems with the exact location of the
rainfall maxima. This results in an overestimation of
rainfall rates at 21 May, 31 May, and 1 June, as in all three
cases the heaviest rainfall is simulated more inland,
whereas the observations tend to locate the heaviest
rainfall more in the coastal provinces. As a result, RAMS
is overestimating the rainfall in the summer simulation by
a factor of 2 (simulated is 145 mm, observed is 60 mm,
and RMSE is 6.6 mm).

Next to the analysis of the precipitation depth, we also
looked at various precipitation skill scores, namely, bias
score, probability of detection (POD), and the Gilbert
skill score (GSS; also known as equitable threat score).
These values are displayed in Table 4 for both summer
and winter simulation. The skill scores are averaged
over all rainfall stations in the domain. The bias score in
both simulations is higher than 1, which means that
rainfall events are overestimated. However, the POD

TABLE 3. Observed precipitation (mm) at stations on and around
the Veluwe for two different periods.

Period

P (mm)
on Veluwe

P (mm)
around Veluwe

Difference (%)

February 2000
May/June 2005

117.3
60.8

101.7
60.3

15.3
1.0
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FIG. 6. Time series of precipitation (mm) and accompanying error bars for (top) WIN-CTRL
and (bottom) SUM-CTRL. Black line represents KNMI observations; gray line represents
RAMS.

shows for WIN-CTRL (0.97) and SUM-CTRL (0.97)
that most observed events are simulated by the model.
Next to that, the GSS shows that the model has skill in
simulating precipitation events. The values are in agreement with Vedel and Huang (2004), who used precipitation skill scores to evaluate a numerical weather
prediction model for Europe.
To gain insight into the causes for the simulated differences, the next step in the validation process is the
comparison between simulated and observed radiation
fluxes at station level. The analysis of shortwave radiation is split into 1) an analysis on daily sums for the
simulated period for both WIN-CTRL and SUM-CTRL

(Table 4) and 2) a more detailed comparison for only
SUM-CTRL and the observations (Fig. 7).
The daily sums of shortwave radiation for WINCTRL are underestimated by the model by almost 15%
(Loobos, r2 5 0.54) and 31% (Haarweg, r2 5 0.51). From
the graphs, these underestimations are caused by 1)
certain days where RAMS simulates clouds over the
Veluwe, where in reality these were just west or east of
the Veluwe and 2) on cloudy days RAMS has a tendency
to simulate cloudy layers that block the incoming
shortwave radiation more than they do in the observations. Sunny days are reasonably well simulated by
the model. This also holds true for the SUM-CTRL
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TABLE 4. Precipitation skill scores for WIN-CTRL and
SUM-CTRL.
Simulation

Bias

POD

GSS

WIN-CTRL
SUM-CTRL

1.20
1.46

0.97
0.97

0.34
0.24

simulation. Days with more than 1500 J cm22 for the
daily sum of incoming radiation are better simulated by
the model than days with lower values of incoming
shortwave radiation. On average, the model overestimates the daily incoming radiation by 8% (Loobos)
and 5% (Haarweg), both r 2 5 0.58. While zooming in on
a couple of days in SUM-CTRL for Loobos station, we
try to illustrate the signals of the model better. The end
of the SUM-CTRL is characterized by a period with
clear days, which are followed by cloudy days (see Fig. 7,
top). This figure clearly shows that the observations are
closely simulated by the model on clear days (1 June),
and this even holds true for days when the weather is
more unsettled, with alternating cloudy and clear spells
(31 May). However, on completely cloudy days, the
model underestimates the radiation. Figure 7 (bottom)
shows the longwave radiation for the same period, and
from this figure we can conclude that the model is simulating the cloudy days much better than the less cloudy
and sunny days.
If we analyze the differences between observed and
simulated temperature, we come to the same conclusion.
On days when the simulated shortwave radiation is
underestimated, the temperature also seems to be
underestimated as a direct effect of solar radiation on
the temperature. Overall, the temperature at Loobos is
captured better by the model in wintertime than in
summertime, with lower RMSE and bias (see Table 5).
The r 2 for both periods is higher than those for the
radiation (WIN, 0.66; SUM, 0.67).
From the radiation analyses, we conclude that the
model is generating dense clouds in summertime conditions that block the shortwave radiation more than the
observations justify. To justify this hypothesis, a closer
look has been taken at the vertical profiles of the water
vapor mixing ratio (not shown). These profiles show
that, at days when the shortwave radiation is underestimated, the water vapor content in the planetary
boundary layer is overestimated and that low-altitude
cumulus clouds are simulated, whereas the observations
do not justify the formation of these low-altitude clouds.

Sensitivity of CTRL to turbulence parameterization
One of the issues that needed attention was the choice
of turbulence parameterization. Our initial choice was
for the Mellor–Yamada (MY) parameterization (Mellor

FIG. 7. Time series of (a) incoming shortwave radiation and
(b) incoming longwave radiation (W m22) at Loobos for SUMCTRL. Black represents the model; gray dots represent observations.

and Yamada 1982), which has been widely used by the
RAMS community. However, Steeneveld et al. (2011)
already noted the importance that PBL schemes play in
simulating the boundary layer and its effect on the
boundary layer heat budget. Steeneveld et al. (2008)
compared the various PBL schemes in a range of mesoscale models and concluded that the model forecasts
are sensitive to the choice of the PBL scheme both
during day and night. Therefore, we investigated the
effect that another PBL scheme may have on the simulation of the total precipitation. The PBL scheme that
we implemented in the RAMS system was the mediumrange forecast (MRF) scheme documented by Hong and
Pan (1996), as this parameterization has also been
widely used in the mesoscale modeling and climate
community (Holtslag and Boville 1993). We find that the
representation of precipitation in the summertime is
improved, and, in particular, the rainy days at the end of
the simulation period are much better simulated (see
Fig. 8 and compare it to Fig. 6). This is caused by a more
realistic distribution of water vapor and temperature
through the boundary layer, which subsequently impacts
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Mean absolute
error

RMSE

r2

22

Incoming Shortwave Radiation (W m )
Loobos-WIN
159.0
211.7
Haarweg-WIN
165.5
207.5
Loobos-SUM
477.9
652.7
Haarweg-SUM
429.6
587.5
Incoming Longwave Radiation (W m22)
Loobos-WIN
133.1
182.8
Loobos-SUM
308.6
360.0
Surface Temperature (8C)
Loobos-WIN
1.668
2.035
Loobos-SUM
2.725
3.331

0.54
0.51
0.58
0.57
0.45
0.65
0.66
0.67

the convection (not shown). It appears that the vapor
and heat are better mixed throughout the PBL. The
simulated PBL height is more in agreement with PBL
heights that are normally observed in the Netherlands.
The precipitation in the wintertime was well simulated
by the model with the MY parameterization. However,
in wintertime the results with the MRF scheme deteriorated even further.
Even though, on the basis of these control runs,
some details in the modeling system could be improved, for comparison purposes we decided to leave
the control simulation as it is. The anticipated results
of the impact assessment studies and the differences
between the various configurations and the control
simulations are not thought to be affected much by
these model biases.

5. Impact assessment of land use and topography
configurations
This section deals with the difference between the
control run and the various land configurations. All
simulations use the same meteorological initial and
boundary conditions. The idea is that changes in land
cover lead to changes in evaporation and turbulence,
which has its direct impact on the boundary layer height
and the process that forms clouds and precipitation. The
topography has its effect on wind pattern and convergence of vapor, which feeds through the mixing in the
boundary layer to cloud formation and precipitation.
The analyses will first focus on the differences in
simulated precipitation. This is followed by the simulated effects of the configurations on the energy balance
and the partitioning of energy over the various heat
fluxes. Correlating the changes at the land surface with
simulated changes in atmospheric variables completes
the analysis. The hypothesis is that changes in precipitation in the various configurations are caused by
changes in vertical wind speed, vapor convergence, and
evaporation, which is, in turn, caused by changes in the
partitioning of energy at the land surface.

a. Precipitation
Figures 9 and 10 display, besides the simulated monthly
precipitation sum in the control simulation, the spatial
differences in precipitation between the configuration
simulations and the control simulation for the winter and
summer periods, respectively. For both periods, the configuration simulations show a decrease in precipitation for
the Veluwe region compared with the control simulation.

FIG. 8. Time series of precipitation (mm) and accompanying error bars for SUM-CTRL with
the MRF turbulence parameterization. Black, gray, and dotted lines represent KNMI observations, SUM-CTRL with the MRF, and SUM-CTRL with the MY, respectively.
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FIG. 9. (top left) Simulated cumulative precipitation (mm) at the end of the WIN- simulation. Simulated precipitation difference between
CTRL and (top right) NF (PCTRL 2 PNF), (bottom left) NT (PCTRL 2 PNT), and (bottom right) NFT (PCTRL 2 PNFT).

This signal is stronger in winter than in summer, with the
model simulating for all configurations less rainfall in
winter than in summer compared with the control simulations.
The spatial differences between the configuration
simulations and the control simulation are clearly visible. Figure 9 shows that a decrease in precipitation in the
winter simulation is simulated more to the north–
northwest of the Veluwe. This has mainly to do with the
passage of a strong depression on 17 February that
crosses the Netherlands from the northwest. Because of
the change in land use and topography, this depression
takes a slightly different route. Consequently, this results in a difference in precipitation upstream of the
Veluwe, which is ordered in bands with a northwestern
orientation. The spatial differences in the summer

simulations show that the differences are more limited
to the Veluwe area. The difference in precipitation between NT and CTRL is limited to the area where the
topography has been removed and is located in the same
location for both winter and summer simulations. The
difference in precipitation between NF and CTRL does
not show such a clear spatial pattern, but it shows a more
diffuse view of the difference in precipitation.
Table 6 shows the average of precipitation that is
simulated by the model in the box, which was defined
earlier in this paper (see also Fig. 3). As a larger area is
included, the differences are not as pronounced as the
more local differences mentioned above.
As already mentioned, the differences between the
configurations and the control are largest in the winter
situation. The signal is almost the same in both the NT
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FIG. 10. As in Fig. 9, but for SUM simulation.

and NF configurations (maximum difference of 17.5%
and 18.6%, respectively), and in the NTF configuration,
the signal is even stronger (maximum difference of
26.3%). In the summer simulation, the difference is
much smaller between the control simulation and the
configuration simulations (NT, 10.2%; NF, 6.4%; NTF,
12.4%) and the change in topography seems to have
a larger effect than the change in land use. Note that the
areas surrounding the Veluwe show an increase in precipitation in NT, NF, and NTF. This is a direct result of
a redistribution of vapor in the model domain as the
amount of vapor, originating from the input files, does
not change.

b. Radiation balance
To explore the causes of the effects in the differences
in precipitation between the configurations, we will first

take a look at the incoming shortwave radiation Sin.
Table 7 shows the differences in monthly averaged Sin in
watts per square meter between NT/NF and CTRL for
both SUM and WIN. In NF, Sin is higher in winter and
summer. In NT, we see a reversed signal, with higher Sin
in both winter and summer. In absolute terms, the signal
is smaller in wintertime than in summertime. Through
the albedo, this will also have an effect on the outgoing
shortwave radiation Sout.

TABLE 6. Accumulated simulated precipitation (mm) for winter
and summer simulations.
Period

CTRL

NF

NT

NFT

February 2000
May/June 2005

106.4
155.7

100.2
152.5

101.7
152.4

98.3
151.1
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TABLE 7. Differences between NT/NF and CTRL for both SUM
and WIN for Sin (W m22), Lin (W m22), Lout (W m22), latent heat
flux (W m22), vapor convergence (kg m22 s21), and w at ;1100 m
[1 3 (100 m s21)21]. The differences are averaged over a box on
the Veluwe (see Fig. 3).

Sin
Lin
Lout
Latent heat flux
Vapor convergence
w

NT-SUM

NF-SUM

NT-WIN

NF-WIN

1.44
21.46
20.058
0.69
20.20
20.49

22.96
0.28
20.61
7.21
20.0073
0.020

0.76
20.10
0.13
0.70
20.13
20.61

20.78
0.80
0.70
3.10
0.03
0.0079

The other term in the radiation balance, which determines the net radiation, is the longwave radiation.
The outgoing longwave radiation Lout only shows a signal in both NF configurations. This is a result of the
surface temperature being influenced by the removal of
the forest. In SUM, the surface temperature is warmer in
NF, as the soil heats faster in a grassland than in a forest.
The opposite is true in WIN, when bare soil cools faster
than forest-covered soil, leading to colder surface temperatures in NF-WIN.
In NT-SUM, we see a higher incoming longwave radiation Lin than in CTRL-SUM, which is caused by more
clouds in the atmosphere. The lower Sin in NT-SUM is
also explained by this. In other configurations, the effect
on Lin is almost nonexistent. The net radiation only shows
a strong difference between the CTRL and NF simulations. Especially in summertime, the net radiation is, for
a large part of the Veluwe, around 15 W m22 higher in
the CTRL simulation. This is caused by the outgoing
shortwave radiation, which is much higher in the NF
simulation because of the albedo effect. The albedo
changes from 0.1 (CTRL) to 0.2 (NF), that is, the vegetation changes from pine forest to grassland.
The next step in the radiation balance is to analyze
how the changes in the shortwave and longwave radiation components are reflected in the partitioning of the
radiation into latent and sensible heat fluxes. The most
obvious signal can be seen in the monthly averaged
difference in latent heat flux decreasing between CTRL
and NF in both summertime and wintertime (Fig. 11).
During daytime these differences can lead up to 5.8%
(SUM) and 10.5% (WIN) of the averaged latent heat
flux (CTRL). The resulting higher surface temperatures
generate higher sensible heat fluxes when the Veluwe
forest is removed (not shown). The largest differences in
latent heat flux between CTRL and NF are in the early
morning and late afternoon. The differences in the energy balance have its impact on the local temperature as
well. In the summertime, the monthly averaged temperature at 11 UTC increases by almost 0.58C when the forest
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is removed and decreases by just over 0.58C in the evening, which was also mentioned in Noilhan et al. (1991).
The differences in sensible and latent heat flux between CTRL and NT are not as pronounced, but on the
eastern side of the area, where the topography has been
removed, the latent heat flux is lower in the NT simulation than in the CTRL simulation. This is largely
explained by the lower availability of the net radiation in
the NT simulation.

c. Atmospheric dynamics
Figure 12 shows the effect of the removal of the
topography and the forest on the vapor convergence. In
both summertime and wintertime, the vapor convergence in the NF simulations is lower in the area where
the deforestation has taken place. This is a direct result
of a change in the roughness length that leads in NF to
a more gradual transition between the area that has been
deforested and the surrounding area. The deforested
area has mostly the same land cover characteristics
(grass) as the surrounding area. Figure 12 and Table 7
also show that the difference in vapor convergence
between CTRL and NF is a factor of 2–3 higher in
wintertime. This is related to the character of the
weather systems that influence the distribution of vapor
in the atmosphere and the wind vectors (frontal versus
convection). The difference in vapor convergence
between CTRL and NT is also present, but only at the
leeside of the Veluwe area. The absence of downward
motion in NT also means that divergence is likely to
occur in the lower parts of the atmosphere.
In the CTRL simulation, the vertical wind speed is
downward at the eastern side of the Veluwe (Fig. 13),
which, in most cases, is also the leeside of the Veluwe, as
most of the weather is coming from the western direction. This downward motion, to a certain extent,
prohibits the formation of clouds. In the NT simulation,
the vertical velocity is not influenced by any topographical features and therefore does not obstruct the
formation of clouds in the eastern part of the Veluwe in
the NT configurations. Table 7 shows that, in both NT
configurations, the net effect is that the vertical wind
speed is suppressed by removing the topography.
The removal of vegetation also has its effect on the
vertical velocity in the lower atmosphere, as is displayed
in Fig. 13, although the effect is smaller than in NT. The
only effect that can be seen is the location of the positive
and negative wind speeds on the windward and leeward
sides, respectively. Under the influence of the change in
land use, both are shifted more to the east (downstream).
The presence of the forest would lead to smooth-to-rough
transitions between grassland and forest, which, according to Andre et al. (1989), would lead to increased
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FIG. 11. For SUM simulation, difference in simulated monthly averaged latent heat flux (W m22) between CTRL and (top left) NT and
(top right) NF. (bottom left),(bottom right) As in (top left),(top right), but for WIN simulation.

turbulence at these transitions. In wintertime, the difference in vertical motions between NF and CTRL is stronger
than in summertime. The influence of land use on the
passage of frontal systems is stronger with regard to vertical wind speed than in more convective circumstances.
Figure 14 shows vertical profiles of the potential
temperature u (K) and of the vapor mixing ratio
(kg kg21). This figure shows an average of all vertical
profiles at 1200 UTC during the simulation period for
the Loobos site. These graphs show that, in summertime, both NT and NF configurations are warmer than
the CTRL throughout the PBL and that the NT configuration is remarkably wetter. From our analysis, we
can conclude that in convective condition the boundary
layer in NF is higher than in CTRL. The effect of NT on
the depth of the PBL is hardly noticeable in the summer
simulations, although the PBL is wetter in NT than in
CTRL. It is expected that NF is drier as the Veluwe

forest is a major source of moisture in the CTRL simulation. In the winter simulation, the NF is also drier and
NT is wetter but less pronounced than in SUM. The
effect of NT on the vertical distribution of vapor has to
do with the aforementioned absence of downward vertical motion, which is drier air.

6. Discussion and conclusions
In this paper, we analyzed the relative contribution of
topography and land use on a precipitation maximum at
the Veluwe in the Netherlands. This analysis was performed with a regional atmospheric model using different land surface configurations for two different
seasons. The setup of the model followed the setup by
Ter Maat et al. (2010), which was described earlier, with
some minor modifications. The overall analyses suggest
that the precipitation maximum at the Veluwe can only
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FIG. 12. As in Fig. 11, but for simulated monthly averaged vertically integrated vapor convergence (kg m22 s21) from the surface to the
850-mb level.

be explained by taking into account both the topography
and land use. The effect of the Veluwe forest on the
processes that influence precipitation is smaller in
summertime conditions when the precipitation has
a more convective character. In frontal conditions, the
forest has a more pronounced effect on local precipitation through the convergence of moisture. The
effect of topography is a 17% maximum in winter and
10% in summer, which is quite remarkable for topography with a maximum elevation of just above 100 m
and a gradual steepness.
A regional atmospheric model is an essential tool to
study the mesoscale processes and feedbacks discussed
in this paper. However, there are some shortcomings of
the model in correctly simulating the summertime precipitation. The main conclusion from the sensitivity tests
with the changing turbulence parameterization is that
the choice for turbulence parameterization should be

based on the event that needs to be modeled. From our
study, it appears that the selected version of RAMS
using MY is doing a better job in simulating precipitation in the wintertime (frontal situation) but that
the configuration with MRF is doing a better job in
simulating precipitation in convective circumstances.
Further research is necessary to develop a parameterization that combines the properties and skill for winter
and summer. This was also concluded in a study conducted by Steeneveld et al. (2011) in which MRF and
MY where compared, with a special focus on the representation of the physical processes in the atmospheric
boundary layer. Thus, users of regional atmospheric
models should take extra care when applying a certain
PBL scheme for their simulation. It is important to note
that the choice of PBL scheme has no influence in the
signal between the various configurations and the CTRL
simulations.
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FIG. 13. As in Fig. 11, but for simulated monthly averaged vertical wind speed at 1100 m (m s21).

However, the mismatch between the model and the
observations in terms of radiation that is still present
while using both PBL schemes means that the effect of
various radiation parameterizations still needs to be
quantified and that more detailed radiative transfer
schemes might be necessary to realize a more realistic
performance. Extra care should also be taken with the
representation of the land surface (e.g., land use and
topography) in regional atmospheric models.
This paper investigated the feedbacks between the
land surface and the atmosphere and the effect of land
use and topography on local meteorology (energy heat
fluxes, total precipitation, and wind flow) for an area in
the Netherlands. For this location, it was shown that
land use and topography are boundary conditions that
should be well validated before they can be implemented in a mesoscale modeling system. This not only
means that land use classes are located correctly, but
also that parameterization of these land use classes

within the modeling system should be well validated.
This conclusion is also valid for the representation of soils
and soil moisture content within the Netherlands or, even
broader, on a European scale. Schar et al. (1999) already
demonstrated that summertime European precipitation
in a belt 1000-km wide between the wet Atlantic and the
dry Mediterranean climate heavily depends upon the soil
moisture content. This soil moisture feedback was not the
objective of this paper, but it could be taken into consideration in future work. Another important phenomenon in the area of the Netherlands is the influence of the
sea surface temperature and to investigate to what extent the sea influences the precipitation processes in the
coast provinces of the Netherlands. It is hypothesized that
the precipitation maximum in the western part of the
Netherlands is a direct result of its location close to the
sea. Lenderink et al. (2009) showed the importance of sea
surface temperatures on coastal rainfall with a coarse
resolution model. Mesoscale modeling may give additional
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FIG. 14. Vertical profiles of differences between CTRL-NT(dark gray lines with open circles)/CTRL-NF(light gray lines with closed
circles) for (top) potential temperature and (bottom) mixing ratio.

information on the processes that, on a regional scale,
influence precipitation. The relatively fine resolution on
which mesoscale atmospheric models can be executed
also means that land use and topography can be represented on this fine resolution. This means that the regional
atmospheric models are a perfect platform to develop and

test descriptions of processes, which are not currently
well described, in regional atmospheric models.
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